The mammalian cortex exhibits a laminated structure that may underlie optimal synaptic connectivity and support temporally precise activation of neurons. In 'reeler' mice, the lack of the extracellular matrix protein Reelin leads to abnormal positioning of cortical neurons and disrupted layering. To address how these structural changes impact neuronal function, we combined electrophysiological and neuroanatomical techniques to investigate the synaptic activation of hippocampal mossy cells (MCs), the cell type that integrates the output of dentate gyrus granule cells (GCs). While somatodendritic domains of wild-type (WT) MCs were confined to the hilus, the somata and dendrites of reeler MCs were often found in the molecular layer, where the perforant path (PP) terminates. Most reeler MCs received aberrant monosynaptic excitatory input from the PP, whereas the disynaptic input to MCs via GCs was decreased and inhibition was increased. In contrast to the uniform disynaptic discharge of WT MCs, many reeler cells discharged with short, monosynaptic latencies, while others fired with long latencies over a broad temporal window in response to PP activation. Thus, disturbed lamination results in aberrant synaptic connectivity and altered timing of action potential generation. These results highlight the importance of a layered cortical structure for information processing.
Introduction
The dentate gyrus (DG) serves as the gateway to the hippocampus and plays an essential role in spatial navigation and the acquisition of new memories (Burgess et al. 2002) . It is also thought to act as a filter that prevents the propagation of overt excitation to the sensitive CA3 area (Heinemann et al. 1992) . Proper DG function is critically dependent on hilar mossy cells (MCs), which integrate DG output and provide feedback to set the balance of excitation and inhibition in this region (Buckmaster and Schwartzkroin 1994; Ratzliff et al. 2002; Sloviter et al. 2003) .
Similar to other cortical areas, the DG has a distinct laminated structure (Fo¨rster et al. 2006; Frotscher et al. 2007 ). The main afferent system from the entorhinal cortex, the perforant path (PP), forms a bundle and innervates the distal dendrites of granule cells (GCs) in the outer molecular layer. In contrast, the MC axons that form the commissural/ associational pathway terminate on proximal GC dendrites in the inner molecular layer (Deller et al. 1999) . Different cell populations also show segregated distribution: GC bodies form a densely packed somatic layer, whereas MCs are confined to the hilus. Although the functional relevance of this laminar organization remains unknown, a plausible explanation is that lamination minimizes the length of axons and dendrites while maximizing the number of synaptic connections (Chklovskii 2004) . Such ''optimal wiring'' of the network is likely to be crucial for the efficient, temporally precise activation of neurons (Schmidt-Hieber et al. 2007 ).
Cortical lamination is disrupted in Reelin deficiency, for example, in 'reeler' mutant mice (Falconer 1951; D'Arcangelo et al. 1995) and human patients with a form of lissencephaly (Hong et al. 2000) . The lack of Reelin results in migration defects leading to abnormal positioning and morphology of neurons. In the reeler DG, GCs lose their alignment and become scattered throughout the hilus . Afferent pathways are differentially affected; the PP remains bundled in the outer molecular layer , but commissural/associational fibers terminate diffusely in the hilus and inner molecular layer (Zhao et al. 2003) . Despite the altered layering, it was previously reported that specificity of synaptic connections is maintained (Stirling and Bliss 1978; Deller et al. 1999; Drakew et al. 2002) . Electrophysiological recordings further showed that synaptic responses are largely unchanged in the hippocampus (Bliss and Chung 1974; Ishida et al. 1994) . However, more recently, it was proposed that the reeler dentate-hilar network displays an abnormal excitatory connectivity and a propensity for seizures (Patrylo et al. 2006 ). Thus, the functional impact of disrupted layering remains unknown.
In a previous immunocytochemical work, we noted potential changes in MC morphology in reeler mice . In the present study, we therefore investigated how anatomical and physiological properties of MCs are affected. Our results reveal that not only are the localization and morphology of these cells dramatically changed, but they also receive an aberrant excitatory input. However, while reeler MCs do not show enhanced excitability, they do exhibit altered temporal activation with a high degree of heterogeneity.
Materials and Methods

Immunofluorescent Labeling
For immunocytochemical investigations, 2 reeler (The Jackson Laboratory, Bar Harbor, ME, B6C3Fe background) and 2 wild-type (WT) littermate mice (3 months old) were deeply anesthetized with Narkodorm-n (180 mg/kg, intraperitoneal; Alvetra, Neumu¨nster, Germany). The vascular system was flushed with 0.9% saline for 1 min, followed by transcardial perfusion with a fixative solution containing 4% paraformaldehyde (PFA) in 0.1 M PB (80 mL for 13 min). After perfusion, brains were removed and tissue blocks containing the hippocampus were sectioned at 50 lm on a vibratome. Sections were rinsed several times in phosphate-buffered saline (PBS, 0.025 M, pH 7.3) before incubation in the primary antibody against calretinin (CR, mouse monoclonal, Swant, Bellinzona, Switzerland; 1:5000 dilution in PBS containing 5% goat serum and 0.3% triton X-100) for 48 h at 4°C. The sections were rinsed in PBS, then incubated in the secondary antibody solution (goat anti-mouse, conjugated with Alexa 488, Invitrogen Corporation, Carlsbad, CA; 1:500 dilution in PBS and 0.3% triton X-100) for 4--6 h at 22°C. Sections were counterstained with the nuclear dye 4#,6-diamidino-2-phenylindole (dilution 1:500) included in the secondary antibody solution. Finally, sections were mounted on glass slides in a fluorescent mounting medium (Prolong Antifade, Molecular Probes Eugene, OR) under coverslips and examined with an Olympus BX61 microscope equipped with epifluorescent illumination and a digital camera system (Cell F Software package, Olympus Soft Imaging Solutions, Mu¨nster, Germany). Low-power images of the DG were created using the extended focal image function of the software. Additionally, the immunoreactivity was analyzed using a 340 oil immersion objective (numerical aperture 1.3) on a confocal microscope system (LSM 510, Carl Zeiss GmbH, Oberkochen, Germany).
Animals and Tissue Preparation for Electrophysiology
For the intracellular labeling and electrophysiological characterization, 18-to 49-day-old reeler (42 animals) and WT mice (13 B6C3Fe reln +/+ littermates and 30 C57Bl/6 mice) were used. After deep anesthetization with isoflurane, the animals were killed by decapitation in accordance with international and institutional guidelines. The brains were instantly removed and immersed in ice-cold artificial cerebrospinal fluid (ACSF). Horizontal 300-lm slices were cut using a DSK 1000 vibratome (Dosaka Co. Ltd., Kyoto, Japan) and subsequently incubated at 37°C for at least 40 min in low-calcium ACSF solution. For electrophysiological recording, slices were transferred to a recording chamber and superfused with standard ACSF solution at a rate of 2--3 mL/min. The standard ACSF was composed of (in mM): 125 NaCl, 25 NaHCO 3 , 25 glucose, 2.5 KCl, 1.25 NaH 2 PO 4 , 2 CaCl 2 , and 1 MgCl 2 and equilibrated with 95% O 2 and 5% CO 2 ; composition of the lowcalcium ACSF was identical except for CaCl 2 which was reduced to 0.5 mM and MgCl 2 which was increased to 4 mM. All experiments were performed at near physiological temperatures of 31--34°C. The experiments were performed with knowledge of the genotype of the mice due to the obvious differences in the phenotype and cytoarchitecture between reeler and WT.
Whole-Cell Patch-Clamp and Extracellular Recordings Somatic whole-cell patch-clamp recordings were made from visually identified cells using infrared differential interference contrast video microscopy on an upright microscope equipped with a 340 water immersion objective (Zeiss, Oberkochen, Germany) and video camera (C2400-07, Hamamatsu, Hamamatsu City, Japan).
Patch pipettes were pulled from borosilicate glass tubing (2-mm outer diameter, 1-mm inner diameter) on a Sutter P-87 puller (Sutter Instrument Company, Novato, CA). The intracellular pipette solution contained (in mMol): 120 K-gluconate, 20 KCl, 2 MgCl 2 , 10 ethyleneglycol-bis(2-aminoethylether)-N,N,N',N'-tetra acetic acid, 10 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 2 Na 2 ATP, as well as 0.2--0.3% biocytin. For the characterization of synaptic responses, 18 mMol of KCl were substituted with K-gluconate in the pipette solution. The resistance of the filled electrodes was between 2 and 5 MX. During voltage-clamp (VC) recordings of synaptic responses, the cells were held at -50 mV, and the mean series resistance (R s , range: 5--26 MX) was compensated by 75--80%. Nevertheless, VC errors and space-clamp errors (Spruston et al. 1993; Williams and Mitchell 2008) in the extensive dendritic structure of MCs may be substantial and could compromise kinetic and amplitude estimates of distal synaptic events such as PP excitatory postsynaptic currents (EPSCs). Cells with a change in R s of 20% or more during the recording were excluded from the analysis. Current-clamp (CC) recordings were made at resting membrane potential, and R s was fully compensated. Only neurons with a stable resting membrane potential of at least -50 mV and an overshooting action potential (AP) were included in the evaluation. No junction potential compensation was applied to the data.
For extracellular (EC) field potential recordings, electrodes were filled with HEPES-buffered physiological NaCl solution and had resistances between 0.2 and 5 MX. The electrodes were placed in the GC layer at the DG crest in WT and at a corresponding location in the GC-rich border region of the hilus in reeler slices.
Synaptic responses were elicited by EC stimulation by a monopolar electrode (glass pipettes filled with HEPES-buffered physiological NaCl solution, resistance: 0.1--1.8 MX) placed in the outer molecular layer (close to the fissure) at the DG crest where the PP fibers enter the area. Stimuli were generated using a DS3 constant current isolated stimulator (Digitimer Ltd, Hertfordshire, UK). Paired stimuli with 50-ms intervals were applied, and traces were collected at 0.1 Hz. During VC recordings, the stimulus intensity was set to a value below the threshold for generating an EC population spike (PS) at the first stimulus, but at a sufficient threshold to generate a PS at the second stimulus (nominal 25--150 lA, 0.1 ms). To maximize activation during CC recordings, stimulus intensities were increased to elicit a PS already at the first stimulus (80 lA --3.2 mA, 0.1 ms). Cells activated antidromically by the stimulus were excluded from the analysis. Excitatory amino acid blockers 6-Cyano-7-nitroquinoxaline-2,3-dione disodium (CNQX, 10 lM) and D-(-)-2-Amino-5-phosphonopentanoic acid (D-AP5, 50 lM, Biotrend, Zurich, Switzerland) were bath applied to pharmacologically isolate monosynaptic inhibitory postsynaptic currents (IPSCs), while the c-aminobutyric acid (GABA) A receptor blocker 1(S),9(R)-(-)-Bicuculline methiodide (10 lM, Sigma-Aldrich, St Louis, MO) was used to isolate EPSCs.
Recordings were performed using Axopatch 200B amplifiers (Axon Instruments, Union City, CA) in VC or fast CC mode. Signals were filtered at 5--10 kHz using the integrated 4-pole low-pass Bessel filter of the amplifier and digitized at 10--20 kHz. Data were collected using the EPC software (CED, Cambridge, UK) and pClamp 9.2 (Axon Instruments) software packages running on Pentium PCs.
Electrophysiological Data Analysis
The resting membrane potential of the recorded neurons was determined shortly after breaking in. Input resistance was calculated by plotting the steady state of the 200-ms voltage responses against the amplitude of the current pulses within a range of ±40 pA. To determine membrane time constants, the decay of the averaged voltage response (360 traces) to a brief current pulse (1 ms, --0.5 nA) was fitted by a monoexponential function using the Levenberg-Marquardt/sum of squared errors method. Membrane capacitance was taken as the nominal value of the cell capacitance compensation applied to the amplifier during VC recording. AP parameters were always determined from the first APs in response to small suprathreshold current pulses (<120 pA, 200--400 ms). AP threshold was defined as the membrane potential at which the first derivative of the rising phase first exceeded 20 mV/ms. The peak amplitude of APs and fast after-hyperpolarisation (AHP) were measured from threshold. In a few cells, the fast and medium AHPs merged, and no negative peak could be detected immediately after the AP. In these cells, the amplitude of the fast AHP was taken at the time point where the first derivative of the repolarizing phase dropped below 1 mV/ms. Half-height duration represents the duration of the AP at half-maximal amplitude. The maximal rates of rise and decay were determined from the first derivative (dV m ) of the AP waveform. Firing frequency was determined in responses to 200 pA, 200 ms depolarizing current pulses.
EPSC amplitudes were measured from the level directly preceding the onset of the EPSC in averages of at least 6 evoked responses. Absolute latencies of EPSCs and IPSCs were measured from the time of the stimulus to the onset of the event in averaged responses. The relative latency of the events from the EC PS was measured from the PS onset to the event onset in the averages. Negative values indicate that the event precedes the PS. Stimulus-dependent firing was determined in a 30-ms time interval after each stimulus. Latencies of APs were measured from the time of the stimulus to the time of threshold crossing in individual traces. Decay time constants of EPSCs and IPSCs were determined by fitting a monoexponential function using the Levenberg-Marquardt/sum of squared errors method. Firing probabilities were calculated from 15 or more consecutive evoked responses. Data analysis and evaluation were performed using the pClamp software package, the open source analysis program Stimfit (http://www.stimfit.org; courtesy of Dr C. Schmidt-Hieber) and custom-made routines in Matlab 7.1 (The MathWorks Inc., Natick, MA).
Visualization and Morphological Analysis
Morphological analysis of MCs was performed as previously reported (Vida and Frotscher 2000) . In brief, neurons were filled with biocytin (0.1--0.3%) during electrophysiological recording. Slices were immersion-fixed overnight in a phosphate-buffered solution (100 mM PB, pH 7.4) containing 2.5% PFA and 1.25% glutaraldehyde. Filled cells were visualized using avidin--biotin--peroxidase complex and 3,3#-diaminobenzidine tetrahydrochloride as the chromogen. After visualization, the slices were either directly embedded in an aqueous mounting medium (Mowiol, Sigma-Aldrich, Taufkirchen, Germany) or processed further for electron microscopic analysis. For this purpose, slices were resectioned on a vibratome at 50--70 lm thickness. The sections were postfixed in 1% osmium tetroxide in PB (30 min), dehydrated between coverslips in an ascending series of ethanol and transferred to propylene oxide (2 3 10 min). Sections were embedded in Durcopan (Fluka, Buchs, Switzerland) overnight, mounted under coverslips and left to polymerize at 56°C for 48 h. Filled neurons were examined on a light microscope (Zeiss Axophot) using 340 and 363 oil immersion objectives (numerical aperture 1.3--1.4) and reconstructed and analyzed using the Neurolucida software package (MicroBrightField, Williston).
For electron microscopy, areas of the molecular layer including biocytin-labeled ectopic dendrites of reeler MCs were reembedded. Serial ultrathin sections were cut and mounted on single-slot Formvarcoated copper grids and contrasted with lead citrate. Sections were examined in the electron microscope (LEO 906 E, Zeiss). Synaptic junctions were identified on the basis of characteristic widening of the EC space between 2 opposing, parallel membrane specializations (synaptic clefts) of a biocytin-labeled dendrite or spine and a presynaptic bouton. Additional criteria were: the accumulation of vesicles in the presynaptic element at putative release sites and electronopaque material in the synaptic cleft.
Statistics
Values are given as mean ± standard error of the mean. Statistical evaluation was performed using either Matlab 7.1 or the R software package (GNU R Project, http://www.r-project.org). Differences were assessed by the Wilcoxon signed-rank or the Wilcoxon rank-sum (Mann--Whitney--Wilcoxon) tests for paired and unpaired samples, respectively. Familywise error rate was corrected for by the Holm--Bonferroni method. No differences were observed in morphological properties, spontaneous and evoked synaptic responses, and passive electrophysiological parameters of the 2 WT groups; these data were pooled. Differences were noted in the AP waveform between the 2 groups; therefore, active physiological properties are reported from WT littermate cells only (Table 1) .
Results
Layered Distribution of CR Immunoreactivity Is Disrupted in Reeler Mice
Majority of MCs in the murine ventral hippocampus express the calcium-binding protein CR (Liu et al. 1996) . Therefore, to compare the distribution of MCs in WT and reeler mice, we first performed immunofluorescent labeling against this protein (Fig. 1) . In horizontal sections from the ventral hippocampus of WT mice, CR immunoreactivity showed a laminar distribution pattern, with clear demarcation of both the hilus and the inner molecular layer (Fig. 1A) . In the hilus, a central cluster of large, immunopositive cell bodies was visible, while at higher magnification, numerous large-caliber, immunopositive processes resembling dendrites were observed (Fig. 1C, arrows) . In the inner molecular layer, a dense meshwork of CR-positive axon collaterals manifested as a homogeneous band of immunoreactivity (Fig. 1A,C) . Additionally, a low number of CR-immunopositive interneurons were found scattered in the DG; these cells could be distinguished from MCs on the basis of their morphological features (e.g. small round somata, smooth dendrites, and the lack of complex spines). The overall staining pattern for CR was dominated by the immunoreactivity corresponding to cell bodies, dendrites, and axons of MCs, as described previously (Liu et al. 1996; Blasco-Ibanez and Freund 1997) .
In reeler mice, the characteristic laminar pattern of CR immunostaining was severely disrupted (Fig. 1B,D) . Large immunopositive cell bodies were found not only scattered throughout the central hilus, but also among the dispersed GCs and in the inner molecular layer (Fig. 1D, arrowheads) . In addition, immunolabeling of axons in the molecular layer was found to be reduced and dispersed compared with the WT hippocampus (Fig. 1D) . Although some CR-positive elements are not MCs, these results clearly indicate that the localization and morphology of MCs are markedly altered in reeler mice (Borrell, Ruiz, et al. 1999; Coulin et al. 2001; Drakew et al. 2002) .
Reeler MCs Show Altered Somal Localization and Aberrant Dendritic Distribution
To investigate the morphological changes in MCs at the singlecell level, we next performed whole-cell patch-clamp recordings in combination with intracellular labeling in acute slices from WT and reeler mice. The recorded neurons were subsequently visualized and analyzed under the light microscope (Fig. 2) . In WT slices, the somata and dendrites of MCs were observed in the hilus ( Fig. 2A) . A characteristic feature of these cells is the presence of large complex spines, the socalled ''thorny excrescences,'' on the proximal dendrites (Fig. 2D, arrows) . By performing 3-dimensional reconstructions of WT MCs, we confirmed that essentially all WT MC dendrites were confined to the hilus (Fig. 2G) .
In reeler mice, both the localization and morphology of MCs was different to that observed in the WT and showed strong heterogeneity (Fig. 2B,C) . Reeler MCs were found not only in the hilus (Fig. 2B,H ), but also in the GC-rich zone and inner molecular layer (Fig. 2C,I ), thus corroborating our immunocytochemical findings. Additionally, the dendritic tree of these cells consistently extended into the molecular layer, independent of the somal position (Fig. 2B,C,H,I ). Despite the observed changes in localization and morphology, MCs could still be unequivocally identified on the basis of their complex spines (Fig. 2E,F, arrows) .
In both WT and reeler slices, only very little axon of the labeled MCs was found in the hilus and molecular layer, as major axon collaterals were mostly cut on the surface of the slices. This is consistent with the fact that MCs preferentially project to distal septotemporal levels of the ipsilateral and to the contralateral hippocampus (Amaral and Witter 1989; Buckmaster et al. 1996) . In view of the limited extent of the axon preserved in the slices, we have not analyzed it in further detail.
To further characterize the morphological differences between WT and reeler MCs, we next analyzed the dendritic tree of the reconstructed neurons quantitatively. Surprisingly, despite the clear morphological differences, the mean values for total dendritic length were very similar between the 2 groups (5392 ± 313 lm, 13 WT vs. 5054 ± 517 lm, 9 reeler neurons; Fig. 2J) . Similarly, the size of the soma was comparable in WT and reeler MCs (the largest diameter was 25.5 ± 1.0 lm and 23.3 ± 1.2 lm, respectively). In contrast, the laminar distribution of the dendrites differed between WT and reeler MCs. From WT MCs, only 2 cells had 2 short dendrites each extending into the molecular layer. Conversely, all reeler MCs had several dendritic segments (mean 27 ± 6) in this layer. Accordingly, the proportion of the total dendritic length in the molecular layer was much higher for reeler MCs (44 ± 11%) than for WT cells (0.4 ± 0.01%, P < 0.001, Fig. 2K ). However, reeler MCs also showed a high degree of cell-to-cell variability, and MCs located in the inner molecular layer had more dendrites in the molecular layer (36--88% of total length), whereas MCs positioned in the hilus typically had less dendrites (8--30%) in this layer.
Further differences between WT and reeler groups were revealed by analysis of the dendritic branching pattern. The total number of dendritic segments was lower in reeler (66 ± 7) than in WT (80 ± 5, P = 0.03). In WT MCs, low-order dendrites were short and showed regular branching. The number of dendritic segments peaked in the third and fourth orders (total of 38 ± 2, Fig. 2L ), and these branch orders accounted for 51% of the total dendritic length (Fig. 2M) . In contrast, the first-and second-order dendritic segments in reeler MCs were significantly longer (mean segment length was 88 ± 12 lm vs. 48 ± 7 lm in WT, P = 0.002), and many low-order dendrites terminated without further branching. Consequently, the number of thirdand fourth-order dendritic segments (total: 24 ± 2, P = 0.001; Fig. 2L ) was lower, and the corresponding cumulative dendritic length accounted for an average of only 37% of the total (Fig. 2M , P = 0.001), indicating a redistribution of the dendritic surface in reeler MCs. In conclusion, while the reeler MC dendrites do not show a change in total length, their laminar distribution is altered and the complexity of branching reduced compared with WT MCs.
To see if the ectopic dendrites receive synaptic inputs, we performed electron microscopic analysis of 2 biocytin-filled reeler MCs. Soma and proximal dendrites of one of these cells were located in the inner molecular layer. Electron microscopic examination showed that the complex spines emerging from these dendrites were engulfed by large presynaptic terminals characteristic of mossy fiber boutons (5 boutons examined; Fig. 3A ). In contrast, in the outer molecular layer, where the majority of axons belong to the PP , simple spines emerged from the distal dendrites and formed contacts with small presynaptic boutons (15 synaptic contacts; Fig. 3B,C) . Similarly, in the case of a MC with its soma in the hilus, synaptic contacts were found between distal dendritic spines and putative PP axons in the outer molecular layer (14 synaptic contacts; Fig. 3D,E) . Additionally, synaptic contacts were found on distal dendritic shafts of both MCs analyzed (15 synaptic contacts examined from the 2 MCs; Fig. 3F ). Many of these shaft synapses may represent the inhibitory input; however, a putative identification was not possible due to the opaque peroxidase reaction end product masking the postsynaptic membrane. These results indicate that ectopic dendrites of reeler MCs receive synaptic input. Similar to WT MCs (Amaral 1978; Ribak et al. 1985) , mossy fibers form synapses with complex spines on the proximal dendrites of reeler MCs even in the inner molecular layer. However, the presence of synaptic contacts onto the ectopic distal dendrites in the PP termination zone suggests that they also receive aberrant excitatory input from this afferent system.
Intrinsic Properties of Reeler MCs
To identify possible changes in the physiological properties of MCs, we next determined the intrinsic properties of the cells from the electrophysiological data obtained in whole-cell patch-clamp recordings (Fig. 4) . Responses elicited by hyperand depolarizing current pulses in MCs from both WT and reeler slices revealed characteristic intrinsic properties (Fig. 4A,B) distinct from other neuronal types (Lu¨bke et al. 1998; Kerr and Capogna 2007; Larimer and Strowbridge 2008) . No significant differences between WT and reeler groups were detected in terms of passive membrane properties such as the resting membrane potential, input resistance, and apparent membrane time constant (Table 1) . In contrast, analysis of active properties revealed subtle differences in the AP waveform (Fig. 4C,D) . In particular, the rate of AP rise was significantly faster and the AHP larger in the reeler mutant than in WT littermates (Table 1) . These changes in the AP waveform may reflect an increased density of voltage-gated sodium and potassium channels in the perisomatic compartment of reeler MCs (Bean 2007) . In contrast, other parameters including the AP threshold and firing frequency were comparable between the groups (Table 1) .
We have also noted differences in spontaneous synaptic events in reeler MCs. To evaluate these differences, we determined the frequency and amplitude of spontaneous EPSCs in traces recorded in VC mode. We found that the frequency of the EPSCs was significantly reduced in reeler MCs (6.7 ± 0.6 Hz, 43 cells) in comparison to WT (13.7 ± 1.7 Hz, 21 cells; P = 0.001). In contrast, the mean amplitude of the spontaneous EPSCs was similar in reeler (82.6 ± 4.8 pA) and WT MCs (88.7 ± 7.0 pA; P = 0.26).
Reeler MCs Receive Monosynaptic Excitatory Input from the PP
The presence of synaptic contacts in the outer molecular layer on the distal dendritic spines of reeler MCs indicated that these cells may receive substantial excitatory input directly from the PP. To test this hypothesis, we stimulated the PP and recorded the synaptic responses in WT and reeler MCs in VC mode (Fig. 5) . To monitor the activation of the GC population, EC field potentials were simultaneously recorded at the crest of the GC layer. The stimulus intensity was set below the threshold for generating an EC PS (mean stimulus intensity was 80 ± 6 lA for WT and 63 ± 6 lA for reeler). However, when pairs of stimuli were applied in short succession (50 ms), paired-pulse facilitation (PPF) resulted in a PS on the second response, indicating the synchronous activation of a subset of GCs in both WT and reeler DG (Fig. 5A,B, upper traces) .
In the absence of a PS, the synaptic response to the first stimulus was dominated by a compound IPSC in both WT and reeler MCs (Fig. 5A,B, lower traces) . While the mean onset latency (2.6 ± 0.1 ms, 19 WT MCs vs. 2.5 ± 0.1 ms, 28 reeler MCs) and the half-duration (8.3 ± 0.9 ms vs. 7.6 ± 0.7 ms) of the IPSC were similar, the peak amplitude of the IPSC was larger in reeler than in WT MCs (120 ± 14 pA in WT vs. 273 ± 32 pA in reeler MCs, P < 0.001).
In response to the second pulse, which elicited a small PS (mean amplitude in WT 0.34 ± 0.08 mV, in reeler 0.12 ± 0.01 mV), long-latency EPSCs were superimposed on the compound IPSC (Fig. 5A,B, lower traces, Fig. 5C , black traces).
The latency of the EPSC onset after the stimulus was 5.5 ± 0.2 ms in WT and 5.6 ± 0.3 ms in reeler MCs. These EPSCs occurred consistently after the PS (relative latency: 2.3 ± 0.2 ms in WT MCs and 2.9 ± 0.3 ms in reeler, Fig. 5D , left), indicating that these were disynaptic EPSCs, conceivably mediated by GCs. Indeed, whole-cell patch-clamp recordings from GCs showed that these neurons received monosynaptic EPSCs and discharged with short latency in response to the PP input in both WT and reeler slices (see Supplementary Fig. 1 ). The amplitude of the disynaptic EPSCs in the averaged responses was large in WT (251 ± 51 pA), but significantly smaller in reeler MCs (97 ± 23 pA, P = 0.009, Fig. 5D, right) .
In addition to the disynaptic EPSCs, short-latency EPSCs could also be identified in the majority of reeler MCs (22 of 28 cells; Fig. 5B, lower traces, Fig. 5C, right) . The onset of these EPSCs had a mean latency of 2.1 ± 0.2 ms from the stimulus and preceded the PS (relative latency: -0.7 ± 0.1 ms; Fig. 5D, left) .
The onset latency of these EPSCs was comparable to that of the EPSCs recorded in WT and reeler GCs (Supplementary Fig. 1A) . Therefore, these EPSCs were of monosynaptic origin, consistent with a direct synaptic input from the PP onto MCs in reeler. The amplitude of the EPSCs was small in the first response (23 ± 7 pA), but larger in the second response (82 ± 21 pA, P < 0.001; Fig. 5D, right) , reflecting PPF at this monosynaptic input. No monosynaptic EPSCs were observed in any of the WT MCs recorded in these experiments.
In order to isolate monosynaptic EPSCs in reeler MCs, we recorded synaptic responses to PP stimulation in the molecular layer after the GABA A receptor blocker bicuculline (10 lM) was applied to the bath, and stimulus intensity was lowered (20--40 lA) to avoid reverberating excitation in the disinhibited network. Under these conditions, short latency (2.4 ± 0.2 ms) monosynaptic EPSCs were observed in 5 of 6 reeler MCs tested (Fig. 5) . The peak amplitude and decay time constants of these monosynaptic EPSCs were 37 ± 12 pA and 5.6 ± 1.7 ms. In response to paired stimuli, the EPSCs showed a strong facilitation with a mean amplitude of 79 ± 30 pA at the second response.
Visualization of the recorded cells revealed differences in the excitatory synaptic inputs dependent on the location of the cell (Supplementary Fig. 2A ). While the synaptic responses in all MCs with somata in the molecular layer (11 cells) consisted of both monosynaptic and disynaptic EPSCs, the responses in cells with somata located in the hilus were heterogeneous: 6 of 17 cells showed no discernible monosynaptic EPSCs and 6 other cells showed no disynaptic EPSCs. The mean amplitude of monosynaptic EPSCs was substantially larger (120 ± 41 pA) in cells in the molecular layer that had higher proportion of the dendrites extending into this layer (see above) than in hilar cells (57 ± 22 pA, P = 0.03). There was no significant difference between the 2 groups in the amplitude of the disynaptic EPSCs (86 ± 20 pA in molecular layer MCs vs. 104 ± 37 pA in hilar MCs, P = 0.57). Analysis of the compound IPSCs did not reveal a correlation between somal location and amplitude either (Supplementary Fig. 2B ).
Taken together, these results show that reeler MCs receive aberrant monosynaptic excitatory input from the PP, whereas transmission through the normal disynaptic input via GCs appears to be reduced.
Enhanced Monosynaptic Inhibition in Reeler MCs
The larger amplitude of compound IPSCs indicates an increased inhibitory input onto reeler MCs. To further investigate this aspect, we next recorded pharmacologically isolated monosynatic IPSCs in response to PP stimulation (intensity: 88 ± 9 lA for WT and 74 ± 8 lA for reeler) after washing in blockers of fast glutamatergic transmission, CNQX (10 lM) and D-AP5 (50 lM, Fig. 5G,F) . In WT MCs (9 cells), the monosynaptic IPSCs had an onset latency of 2.6 ± 0.1 ms, a decay time constant of 7.3 ± 0.7 ms, and a peak amplitude of 150 ± 33 pA. In reeler MCs, the time course of the IPSCs was comparable (latency: 2.2 ± 0.3 ms, decay time constant: 7.9 ± 0.8 ms), whereas the peak amplitude was markedly larger (436 ± 96 pA, 5 cells, P = 0.01). In both WT and reeler MCs, monosynaptic IPSCs showed a depression of~20% in response to the paired stimuli (IPSC amplitude at the second stimulus: 120 ± 32 pA in WT and 344 ± 73 pA in reeler MCs). These data, therefore, corroborate that reeler MCs receive a stronger inhibitory input than WT MCs.
Reeler MCs Are Activated with Monosynaptic Latencies
How do the changes in synaptic input influence the activation of reeler MCs? To address this question, we have recorded voltage responses of the neurons to the paired EC stimuli in CC mode (Fig. 6) . In order to enhance the activation of the neurons, we increased stimulus intensities to values, which elicited a PS in the EC field recording already at the first response. In response to this high stimulus intensity, 5 of 16 tested WT MCs fired APs at the first and 13 cells fired at the second response (Fig. 6A) , conceivably reflecting facilitation of excitatory transmission and depression of inhibition in the underlying circuit (Lysetskiy et al. 2005; Kerr and Capogna 2007) . Reeler MCs also showed PPF, with 9 of 24 tested cells firing an AP in response to the first and 15 cells activated by the second stimulus (Fig. 6C,E) .
Next, we analyzed the timing and reliability of AP generation in the active neurons. In WT MCs, APs were elicited with long latency after the stimuli. The APs always occurred after the PS that was recorded from the GC layer (Fig. 6A) , indicating that MCs were disynaptically activated via GCs (Buckmaster et al. 1993) . AP initiation showed several differences between the first and the second responses to the paired stimulus. First, the mean latency of APs was reduced from the first to the second response (9.1 ± 0.8 ms vs. 6.6 ± 0.4 ms, measured from stimulus onset). Second, the reduced latency was accompanied by an increase in temporal precision, reflected by the steeper rise in the cumulative discharge probability curve at the second response (Fig. 6B) . Indeed, the standard deviation (SD) of the AP latencies reflected a broad temporal window at the first response (1.8 ± 0.6 ms), but a markedly shorter window at the second (0.6 ± 0.1 ms, P = 0.0016). Finally, the mean probability of eliciting an AP was low after the first stimulus (0.13 ± 0.07), but significantly higher after the second stimulus (0.73 ± 0.09, P < 0.001, Fig. 6B ). These differences in the timing and reliability of AP initiation in MCs correlated well with the The cumulative probability curves of AP generation (averaged curves from 13 WT MCs) show that PPF led to faster, stronger, and temporally precise activation of MCs at the second response (thick line). The dashed line indicates the time of the PS. (C--F) Similar plots for reeler MCs illustrate altered and heterogeneous activation patterns. In 7 of the 15 reeler MCs, APs occurred with short latency before the EC PS, indicating that they were initiated by the monosynaptic excitatory inputs (C). The averaged cumulative probability plots show that activation was precisely timed at both the first and the second response in these cells (D). In 8 reeler MCs, APs were generated with long latency and reduced precision (E, F). Monosynaptic EPSPs (arrows in E) could also be observed in some of these cells. (G, H) Precision (measured as the SD of individual AP latencies) is plotted against the mean latency of AP discharge for each neuron at the first (G) and the second responses (H). While WT MCs (open circles) form a homogeneous cluster around their group means (large open circles with error bars indicating SDs), reeler cells (filled circles) show broad scatter along both axes, reflecting the large heterogeneity in the latency and temporal precision of synaptic activation in these neurons.
changes in latency and amplitude of the EC PS. The mean latency was 5.0 ± 0.4 ms and the amplitude 0.5 ± 0.1 mV at the first response, whereas the latency was significantly shorter (4.0 ± 0.2 ms, P < 0.001) and the amplitude larger (1.6 ± 0.3 mV, P < 0.001) at the second response (Fig. 6A, upper trace) . These data therefore show that WT MCs are discharged disynaptically, and their enhanced activation occurring in response to the second stimulus is dependent on the faster and stronger recruitment of dentate GCs. However, it is plausible that the large extent of facilitation in the discharge probability is also dependent on the robust PPF observed at the mossy fiber-MC synapses (Lysetskiy et al. 2005; Kerr and Capogna 2007) .
In contrast to the uniform responses observed in WT MCs, reeler MCs showed a high degree of heterogeneity in their activation pattern (Fig. 6C--F) . Although the mean AP latencies (9.4 ± 2.9 ms at the first response and 6.7 ± 1.2 ms at the second response) were comparable to those in WT MCs, the distribution of the values for the individual cells was markedly broader (F-test, P = 0.008 for first response, P < 0.001 for second response). When the mean AP latencies for the individual cell were plotted against the respective SDs, WT MCs clustered closely around the group averages (Fig. 6G ,H, open circles), whereas the points representing the reeler MCs spread broadly along both axes (Fig. 6G ,H, filled circles). Reeler cells could be split into 2 sets: in one set, the neurons discharged with short latencies and precise timing before or at the same time as the PS; in the other set, they fired with long and variable latencies after the PS. While the discharge pattern was stable for the majority of reeler MCs over the stimulus intensity range tested, 3 cells switched from long-latency to short-latency activation as the stimulus intensity was increased. Additionally, one cell fired long-latency APs at the first response and short-latency APs at the second response. AP latency did not show a clear correlation with the position of the cells (Supplementary Fig. 2C ). This could be explained by the high variability in the excitatory and inhibitory synaptic inputs observed in the VC recordings.
A short-latency discharge pattern was observed in half of the active reeler MCs (7 of 15, 47%; Fig. 6C ). Four of these cells fired APs with short latencies at the first response, while all 7 fired such APs at the second response. The mean AP latency in these cells was significantly shorter than that in WT MCs (3.5 ± 0.5 ms, P = 0.02 at the first and 3.6 ± 0.3 ms, P < 0.001 at the second response). APs occurred before or at the same time as the EC PS (mean latency of the PS: 3.7 ± 0.4 ms at the first and 3.4 ± 0.4 ms at the second response; Fig. 6C , upper trace), indicating that they were triggered by monosynaptic inputs. Consistent with a monosynaptic activation, APs were generated with precise timing within a narrow temporal window in response to both stimuli (SD of the AP latencies was 0.2 ± 0.1 ms at the first response and 0.4 ± 0.1 ms at the second). Finally, the discharge probability showed facilitation from the first to the second stimulus (0.22 ± 0.09 vs. 0.56 ± 0.15, P = 0.016, Fig. 6D ).
A long-latency discharge pattern was observed at high stimulus intensities in 8 of the reeler MCs (53%; Fig. 6E ). Similar to the previous group, only 4 cells fired at the first response and all 8 at the second. The latency of the APs was longer, but not significantly different than in WT cells and had a mean value of 15.4 ± 3.7 ms (n = 4) at the first and 9.3 ± 1.8 ms at the second response. The EC PS always preceded the APs (mean latency of the PS: 3.3 ± 0.3 ms at the first and 3.3 ± 0.2 ms at the second response; Fig. 6E , upper trace), indicating that these cells were driven by disynaptic and polysynaptic excitatory inputs. The contribution of disynaptic and polysynaptic inputs to the activation of the cells was also reflected by the low precision of APs initiated over a broad temporal window (SD of the AP latencies was 3.5 ± 1.7 for the first response and 2.6 ± 0.6 ms for second). Although the discharge probability in these cells was comparable to those observed at the first stimulus in WT MCs (0.09 ± 0.05), it was lower after the second stimulus (0.46 ± 0.09, P = 0.046).
In summary, consistent with the aberrant monosynaptic excitatory input, a large subset of reeler MCs discharged with monosynaptic latencies in response to PP input. However, at the population level, synaptic activation of reeler MCs showed increased heterogeneity in comparison to the uniform disynaptic discharge pattern of WT MCs.
Discussion
Our study has revealed that altered layering in the hippocampus is associated with marked changes in the morphology, connectivity, and synaptic activation of MCs in reeler mice. Aberrant excitatory input from the PP targets MC dendrites extending into the molecular layer and activates many of these cells with short, monosynaptic latencies. At the population level, reeler MCs show a high level of heterogeneity in their synaptic input and activation patterns. The altered timing of AP discharge leads to asynchronous activation of MCs in the reeler dentate-hilar network. Together, these results provide insights into the functional importance of cortical layering.
Altered Localization and Morphology of Reeler MCs
In reeler mice, neuronal migration defects result in the altered lamination of cortical structures (Falconer 1951) . In the DG, GCs lose their alignment and orientation, leading to dispersion of the normally densely packed somatic layer (Caviness and Rakic 1978; Stanfield and Cowan 1979; Drakew et al. 2002; Fo¨rster et al. 2006) . Our study reveals that the position and morphology of MCs are also altered. In WT mice, the soma and dendrites are confined to the hilus (Ribak et al. 1985; Frotscher et al. 1991; Buckmaster et al. 1993; but see Scharfman 1991) , whereas in reeler, MC somata are scattered throughout the hilus and inner molecular layer. Moreover, regardless of somal location, dendrites consistently extend into the molecular layer, the termination zone of the PP. Intriguingly, while complexity of the branching pattern is reduced, the total dendritic length of the cells is unchanged. It remains to be established whether changes in the dendritic arbor are a consequence of the altered lamination of the surrounding structure or a direct result of the lack of Reelin during development (Niu et al. 2004; Chai et al. 2009 ).
In contrast to the overt anatomical changes, less prominent differences were detected in the physiological properties of reeler MCs, with passive intrinsic properties remaining unaffected. Such properties, particularly the input resistance and membrane capacitance, are explored by somatic CC recording and determined primarily by membrane parameters and structure of the somatodendritic compartment (Jack 1975; Spruston et al. 1994) . These data therefore concur with the unaltered somal size and total dendritic length. In contrast, active properties are changed in a subtle, but consistent manner. Plausibly, the increased rate of AP rise and AHP amplitude indicates a higher density of voltage-gated Na + and K + channels in compartments close to the somatic recording site (Bean 2007) . Interestingly, the threshold of APs remains unchanged, suggesting that the properties of Na channels are largely preserved. Although the cause and functional relevance of these changes need further investigation, the higher sodium channel density may contribute to an enhanced amplification of excitatory inputs (Stuart and Sakmann 1995; Gonza´lez-Burgos and Barrionuevo 2001) .
Changes in the Synaptic Input on to MCs in the Reeler Dentate-Hilar Network The presence of reeler MC dendrites in the outer molecular layer indicates that they receive substantial direct excitatory input from the PP, as the majority of presynaptic elements in this layer belong to the PP . Indeed, our electron microscopic investigation provides evidence for existing synapses on these ectopic dendrites. Moreover, the high occurrence of monosynaptic EPSCs elicited in reeler MCs by stimulation within the outer molecular layer further supports this scenario. However, we cannot exclude that in some cases ectopic mossy fibers might have contributed to these evoked responses. Aberrant synaptic contacts have previously been found in the cerebellar cortex of reeler mice (Sotelo 1990 ). However, in the neocortex and hippocampus, the majority of previous electrophysiological and anatomical studies suggest that the specificity of synaptic connections between pre-and postsynaptic elements is maintained in reeler mice (Bliss and Chung 1974; Caviness and Frost 1983; Deller et al. 1999; Drakew et al. 2002; Gebhardt et al. 2002; Pascual et al. 2004) . Although it was recently proposed that the overlap of mossy fibers and GC dendrites may lead to abnormal synapses in the hilus (Patrylo et al. 2006) , no direct evidence for this has been provided. Our results now demonstrate that the spatial overlap of heterologous pre-and postsynaptic elements, which are segregated in the properly layered cortex, leads to the formation of aberrant synapses in the reeler hippocampus.
The physiological data further indicate that the disrupted lamination in the reeler hippocampus results in a changed balance of excitation and inhibition in MCs. The reduced excitatory transmission through the DG disynaptic pathway could be explained by the decreased overlap of natural pre-and postsynaptic partners, which in turn leads to sparser connectivity. The dispersion and radial disorientation of GCs mean that a lower portion of their dendrites is localized within the PP termination zone in the reeler mutant . Similarly, as shown in this study, the proportion of MC dendrites overlapping with mossy fibers in the hilus is also reduced. Reelin promotes the branching of PP axons ) and the development of postsynaptic spines (Liu et al. 2001; Niu et al. 2008) ; therefore, the lack of this effect in reeler mice may exacerbate the reduced connectivity.
While these anatomical anomalies of reeler MCs can adequately explain the changes observed in excitatory synaptic transmission, functional changes could also contribute. Reelin enhances glutamatergic transmission and synaptic plasticity by influencing a-amino-3-hydroxyl-5-methyl-4-isoxazole-propionat and N-methyl-D-aspartate receptor function (Beffert et al. 2005; Qui et al. 2006) . Therefore, the weaker disynaptic excitatory input to MCs may also reflect reduced glutamatergic transmission in these mutant mice.
Mechanisms underlying the enhanced inhibition in reeler mice (present results; Ishida et al. 1994 ) are less clear. Little is known about changes in the GABAergic system in reeler mice, but there is compelling evidence for GABAergic hypofunction in heterozygous mice (Liu et al. 2001; Carboni et al. 2004 ). However, this hypofunction involves the GAD67 isoform of the GABA synthesizing enzyme, whereas the dominant GAD65 isoform is unaffected (Liu et al. 2001 ). Furthermore, cell counts suggest that no major cell loss occurs in the cortex of heterozygous and homozygous reeler mice (Coulin et al. 2001; Liu et al. 2001) . On the contrary, certain types of interneurons are increased in number (Coulin et al. 2001) . Therefore, it is not possible to predict the net change in inhibition in the reeler hippocampus. An explanation for the observed enhanced inhibition in MCs could be that they receive input from a larger pool of interneurons. In WT MCs, feedforward inhibition is conspicuously weak (Scharfman and Schwartzkroin 1988; Buckmaster et al. 1993) ; MCs are preferentially connected to hilar interneurons by feedback loops (Larimer and Strowbridge 2008) . Although these connections are likely to be preserved in reeler, the ectopic MC dendrites provide the substrate for additional input from DG interneurons (Han et al. 1993; Scharfman 1995) . Conversely, an altered, broader distribution of interneuron axons, such as DG basket cells, may enable the formation of heterologous inhibitory synapses onto reeler MCs.
It has been proposed that GC dispersion may lead to abnormal, proconvulsive glutamatergic connectivity in the hilus (Patrylo et al. 2006; Patrylo and Willingham 2007) . Consistent with this proposal, polysynaptic excitatory responses were observed in some reeler MCs reflecting reverberating activity in the network. However, the activation of MCs was not enhanced, indicating that the aberrant connectivity is weak and efficiently counterbalanced by the enhanced inhibition. Thus, our results suggest that excitability of the dentate-hilar network is not increased; epileptiform activity can develop only when inhibition is compromised (Patrylo et al. 2006) .
Altered Timing and Heterogeneity of Synaptic Activation in the Reeler Network
As expected from the modified inputs, the synaptic activation of reeler MCs is also altered. In WT MCs, APs are uniformly generated, with disynaptic latencies in response to PP stimulation (Buckmaster et al. 1993; present data) . Thus, activation of WT MCs is mediated by GCs (Lysetskiy et al. 2005) . In contrast, many reeler MCs discharge with monosynaptic latencies, in good agreement with a direct PP input to these cells, while others discharge with long, disynaptic and polysynaptic latencies and low temporal precision. These differences in the activation of reeler MCs are consistent with the high level of heterogeneity in their morphology and synaptic inputs. At the population level, this heterogeneous timing will translate into asynchronous activity of the neurons and compromise network functions in reeler mice.
In summary, our study reveals that disrupted cortical lamination leads to altered timing and asynchrony of neuronal discharge. It has been proposed that proper laminar organization is important for optimal wiring, minimizing the costs involved in the assembly and maintenance of the circuit, while maximizing functionality (Chklovskii 2004; Wen and Chklovskii et al. 2008) . Indeed, altered lamination in the reeler DG disrupts the normal connectivity and leads to the development of aberrant synapses. Importantly, individual neurons are not uniformly affected; rather, their synaptic inputs become heterogeneous and their activation asynchronous. A temporally precise discharge of neurons is an essential feature of cortical activity that underlies synaptic plasticity and the emergence of neuronal assemblies (Dan and Poo 2004; Fries et al. 2007; Klausberger and Somogyi 2008) . Therefore, the present results provide a basis for understanding the neurological phenotype associated with the lack of Reelin in mice as well as human patients and have implications for information processing in the intact, layered cortical structure.
Supplementary Material
Supplementary material can be found at: http://www.cercor .oxfordjournals.org/.
Funding
Deutsche Forschungsgemeinschaft (Sonderforschungsbereich 505 and Transregional 3); Bundesministerium fu¨r Bildung und Forschung (01GQ0420); Excellence Initiative of the German Federal and State Governments (GSC-4, Spemann Graduate School).
